Abstract: Syngeneictransplantationofmurineaortasegmentswithadvancedatheroscleroticlesionsindefinedrecipientsisavaluablemodel forregressionstudies.Todate,thismodelhasnotbeenusedtostudytheregressionofinitialatheroscleroticlesions.Theaimofthis study was to evaluate a microsurgical technique of syngeneic heterotopic transplantation of the thoracic aorta of young apolipoprotein E-deficient(ApoE-/-)micetotheabdominalaortaofwild-typerecipients.Stereologicalquantificationmethodsweretestedinorder to assess changes in structure and volume of the aortic wall including the involvement of immune cells in changes of the atheroscleroticlesions.Theanimalswereeuthanisedonemonthaftersurgeryandhistologicalanalysisincludingstereologicalquantificationof changesinboththegraftsandadjacentaortasegmentswasperformed.Theoverallsurvivalrateoftherecipientswas62.5%.No regression of initial atherosclerotic lesion was achieved and neointima formation and elastin degradation prevailed in all transplanted specimens. The volume of the arteriosclerotic lesions was higher (p<0.001) and elastin length density was lower (p<0.001) in transplantedApoE-/-samplesascomparedtoadjacentsegments.Intransplantedgrafts,T-andB-lymphocytes,macrophagesand neutrophilic granulocytes formed non-random clusters within the vessel wall and they were colocalised with the sutures. The reproducibilityofthepromisingregressionmodelwasderogatedinyoungmicebythestrikingdependenceoftheresultsupontheoperation technique.Stereologicalassessmenthasproventobeaccurate,correctandreproducible;ithasprovideduswithrobustquantitative estimates,whichcanbeachievedwithareasonableeffort.
Introduction
Mechanisms of regression of atherosclerotic plaques can be readily studied using the ApoE-deficient mouse model. Apo E-/-mice are characterised by the loss of the ligands for lipoprotein receptors, which is associated with an increase in total cholesterol due to slowed utilisation of remnant-like particles and with an increased risk for the development of atherosclerosis due to low density lipoprotein (LDL) particle accumulation [1] [2] [3] . Development of atherosclerotic lesions is also affected by cholesterol reverse transport, in which ApoE plays a pivotal role. Excessive cholesterol is released from the subendothelial space by means of macrophage-derived ApoE [4,5; for review see 6] . Unlike mice and rats with unpertubed cholesterol metabolism, the Apo E-/-mice are characterised by increased cholesterolemia and spontaneous development of atherosclerotic lesions. Basal cholesterolemia of Apo E-/-mice is up to five times higher than that of animals of the same strain without the genetic defect, i.e. approximately 10 mmol/l. Due to the inability of to produce ApoE, ApoE-/-mice are highly sensitive to dietary intervention. In these animals, administration of a cholesterol diet, which mimics increased cholesterol intake by humans in developed countries, leads to an increase in cholesterolaemia and the development of macroscopic atherosclerotic lesions [7] . Sites of predilection and early development of atherosclerosis in the ApoE-/-model include the aortic root and the curvature of the aortic arch and its branches [8] .
Lesions developing in the ascendent aorta and aortic arch of ApoE-/-mice are very similar to those in human in both localisation and histological appearance [9, 10] , although lipoprotein profiles are not the same in both species [11] . In wild-type mice, high density lipoprotein (HDL) represents the majority of lipoprotein particles. In ApoE-/-mice, a shift in advantage of very low LDL (VLDL) and chylomicron remnants can be observed. In contrast, human blood contains predominantly LDL particles [12, 13] .
Development and regression of atherosclerotic lesions can be readily studied by syngeneic transplantation of cells or vessel segments between ApoE-/-and wild-type animals. Transplantation of macrophages expressing mouse or human apolipoproteins to ApoE-/-recipients can lead to plaque regression or stabilisation with or without the normalisation of the animal's lipoprotein profile [14] [15] [16] [17] . Syngeneic transplantation of atherosclerotic aorta segments from ApoE-/-mice to defined recipients seems to be a particularly valuable model for regression studies [18] [19] [20] [21] . It was demonstrated that even advanced atherosclerotic lesions can either regress completely in a normolipidaemic environment with normal apolipoprotein levels [18] or at least stabilise and be prevented from progressing in an environment with increased HDL concentration [19] . For reviews on immune mechanisms in development of atherosclerotic lesions, see [22] [23] [24] [25] .
To date, studies based on the transplantation of aorta segments used only adult animals with fully developed plaques. For examination of subtle regression mechanisms of atherosclerotic lesions it would be, however, desirable to develop a similar transplantation model using young animals. The aim of our study was therefore to evaluate a microsurgical technique of syngeneic heterotopic transplantation of the thoracic aorta in young mice to the abdominal aorta in wild-type recipients as well as to assess and quantify the changes in structure and volume of the aortic wall (preliminarily assessed by [26] ), which includes a screening of immune cell involvement in changes of the atherosclerotic lesions.
Material and Methods

Animals and diet
Three-month-old male mice of ApoE-/-(C57Bl/6) strain (n=24) and age-matched syngeneic wild-type mice (n=24) were used. All the animals were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). They weighed 25-30 g at the start of the experiment. Before and after transplantation, the animals were fed a standard laboratory diet (chow), i.e. a 8-mm pelleted diet (SEMED, Prague, Czech Republic) ad libitum. Tap water without any pre-treatment was available ad libitum. During the experiment, all animals were kept separately in cages (placed in conventional breeding place) on softwood granules as bedding and under standard conditions: fluorescent lighting: approx. 300 lux at 1 m above floor from 07:00 to 18:00, room temperature was controlled at 21 ± 2ºC with 17 air changes per hour and a relative air humidity of 45 ± 5%. The study protocol was approved by the local research ethics committee and the animals were given care according to rules valid in the Czech Republic as well as the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes [27] .
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Experimental design
The thoracic aorta of donor mice, which is known to be the site of initiation of atherosclerotic lesions, was transplanted to the abdominal aorta of age-matched syngeneic recipients as follows: from ApoE-/-to ApoE-/-(Group 1, n=8), from ApoE-/-to wild-type (Group 2, n=8), from wild-type to wild-type (Group 3, n=8). Transplanted segments, as well as the segments of donor thoracic aortae situated proximally and distally to the transplanted area, were analysed one month after transplantation.
Transplantation procedure
The aortic transplantation with infrarenal position was performed as described previously [28] . Donor and recipients were anesthetised by administration of fentanyl and droperidole i. m. (0.5 ml of combination/ kg body weight, Innovar-Vet Inj containing 20 mg/ml droperidol + 0.628 mg/ml fentanyl citrate, Janssen, Toronto, Canada) and midazolam (5 mg/kg body weight). Thoracic donor aortae were removed and perfused with chilled heparinised saline; a 5-mm segment was taken from the midportion between the left subclavian artery and diaphragm. Harvested aortae were preserved in chilled saline (-4°C) while the recipient mice were being prepared. The recipient infrarenal aorta was exposed, clamped and transsected. The donor aortic segment was inserted as a tube graft by microsurgical anastomosis (interrupted sutures of 11-0 nylon monofilament, S&T, Neuhausen, Switzerland) as described [18] . The handling time of the transplantation was less than 30 minutes. After removing the aortae, the donors were euthanised by overdose of anaesthesia. The recipient animals were euthanised one month postsurgery by overdose of anaesthesia followed by cervical dislocation with subsequent exsanguination (using decapitation).
Lipid analysis
After euthanasia, blood (contaminated by a small amount of lymph) was collected in order to analyse plasma cholesterol concentrations. Plasma was harvested by centrifugation of the blood sample (containing 5 ml of 10% EDTA per 1 ml of blood) for 10 minutes at 12,000 rpm. Cholesterol concentrations were measured using colorimetric enzymatic assay kits (Boehringer Mannheim Biochemicals, Germany).
Histology
Recipient vessel (cranial and caudal part of the abdominal aorta) and grafted aortas were sampled individually, fixed with formalin and embedded in paraffin. Cross sections (5 mm) were stained with Verhoeff's haematoxylin and green trichrome according to the modified method [29] . Pathological alteration of the vessel wall was assessed by light microscopy. We compared our findings to the classification of atherosclerotic lesions recommended by the American Heart Association [26, 30] .
Immunohistochemistry
Cross sections (5 mm) of the aortae were mounted on Super Frost slides coated with (3-aminopropyl)-triethoxysilane (Sigma-Aldrich, Vienna, Austria), deparaffinised and rehydrated. Endogenous peroxidase activity was blocked with 0.6% H 2 O 2 in methanol. After antigen unmasking in citrate buffer (pH 6.0) in a microwave oven, unspecific binding reactivity was blocked with normal goat serum (DakoCytomation, Glostrup, Denmark) or bovine serum albumin (SigmaAldrich, Vienna, Austria). The sections were incubated with the primary antibodies ( positive control. For the negative control, unspecific rat, rabbit and mouse IgG were used instead of the primary antibody.
Quantitative assessment of alterations of the vessel wall
For a quantitative analysis, we followed the welldocumented methodology of [31] with respect to general principles of stereology [32] . These methods allow a reliable estimation of lesion volume in a three dimensional space. Furthermore, it is possible to assess quantitatively whether certain structures are distributed randomly or their occurrence is related to the pathological changes of the vessel under study.
In order to estimate angiostenosis and size of the atherosclerotic lesion in each sample, a segment of 0.36 mm underwent a stereological analysis with the use of the PointGrid module ( Figure 1A ) of the Ellipse software (ViDiTo, Kosice, Slovakia). Within the reference volume, equidistant sections were selected through systematic uniform random sampling. The position of the first tissue section in the volume was random, i.e. equal to a product of (72*n), where n was a random number between 0 and 1. Starting with this section, every ninth section was captured with two constant magnifications so that the distance between the two neighbouring calibrated photomicrographs (sampling period) was 45 µm. We assessed the area of an atherosclerotic or arteriosclerotic lesion in each tissue section according to Equation 1 :
where estA was the estimated area of the arteriosclerotic lesion or of the vessel lumen, the grid parameter a was the area corresponding to one test point and P was the number of test points hitting the arteriosclerotic lesion or vessel lumen. The total number of points counted was at least 200 in all sections of each series. The Cavalieri principle [33] was used for the estimation of the volume V of the arteriosclerotic lesion within the reference segment of the aorta (Equation 2):
where estV was the Cavalieri volume estimator, T = 0.045 mm was the distance between the two following selected sections, A i was the area of the arteriosclerotic lesion or vessel lumen in the i-th section, and m stood for the total number of sections selected from the series. To estimate the value of m, i.e. the variation caused by sampling the serial sections, we used Gundersen and Jensen's [34] method to predict the coefficient of error (CE). Preliminary analysis proved 
Figure 2. Analysis of sampling error. Average values of the
Gundersen and Jensen's coefficient of error (estCE(GJ)) for all sampling combinations of corresponding values of m (the number of sections). The pilot study was performed for volume of both vessel lumen (avg(lumen)) and lesions (avg(lesion)). To keep the CE ≈ 0.05 for each of the parameters, the suitable value of m=8 was found.
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that the number of sections sampled within each tissue block had to be m=8 in order to keep the CE ≈ 0.05 ( Figure 2 ). The relative obliteration of the aortic lumen by the arteriosclerotic lesion was characterised by the area fraction of the free vessel lumen (AFFVL)
A lesion AFFVL
A lumen
where A(lesion) was the area of the arteriosclerotic lesion, and A(lumen) was the area of the total vessel lumen, including the lesion. In cases of deeper invasion of the lesion towards the tunica media, where the border between the subendothelial connective tissue and tunica media was altered, the outer border of the arteriosclerotic lesion was considered to be at the level of the innermost elastic lamina.
Elastinolysis was assessed by means of the length density of profiles of elastin fibres and membranes using the relation L A =L/A, where L A was the length density of elastin fibres (intensity of planar fibre process, [35] ), L was the estimated length of elastin profiles and A was the reference area the tunica media. The method (module LineSystem, software Ellipse) was based on counting the intersections of elastin fibres and membranes with a system of circular arcs randomly superposed on the micrographs ( Figure 1B) . The results are presented as average values for each set of 8 micrographs per tissue sample.
We tested the randomness of spatial patterns of T-and B-lymphocytes, neutrophilic granulocytes, and macrophages in sections through the vessel wall by describing the distribution of interpoint distances among the centres of gravity of the profiles of the cells [36] at the intervals 0-600 mm. The method was based on the analysis of paired correlation (clustering) and crosscorrelation (colocalisation) functions implemented in the module Gold of Ellipse software. The vessel wall was selected as the region of interest, while the vessel lumen was excluded from the reference space. The same testing procedure as for clustering (local increase of density) was performed to test colocalisation of the leukocytes with the stitches. Monte Carlo estimates of two-sided 95% confidence intervals for histogram bar heights and one-sided 1% and 5% tests for clustering or colocalisation were carried out using 999 simulations of N realisations (N was equal to the number of evaluated images) of the binomial process with number of simulated points equal to the number of observed points. Similarly, calculated critical values were used for verifying the clustering and/or colocalisation of the particles: for the one-sided tests the 50th value from the maximum was used at 5% confidence level, and the 10th value from the maximum at a 1% confidence level.
Statistics
The data were processed with the Statistica Base 7.1 (StatSoft, Inc., Tulsa, OK, USA). The Shapiro-Wilks' W test was used in testing for normality. The KruskalWallis test was used to compare the groups under study. The differences were considered statistically significant if p<0.05. The concordance between three observers was quantified with the intraclass correlation coefficient (ICC) [37] . The results of lipid analysis are presented as mean ± standard deviation.
Results
Animals and surgery
The basal cholesterolemia was 13.20 ± 1.64 mmol/l in the ApoE-/-mice and 2.14 ± 0.13 mmol/l in the wild-type mice. Three animals died during the operation or on the operation day due to non-patency of the aorta. Six other animals died during the first week after transplantation. The overall survival rate in the transplanted animals was 62.5%. All survivor recipients appeared to be healthy and behaved normally.
Morphology of adjacent segments of the donor aorta
The aortic segments of wild-type mice adjacent to the transplanted segment contained no lesions ( Figure 3A) . In several aortae of ApoE-/-mice, foam cells were found in small initial eccentric lesions comparable to human type I lesions ( Figure 3B ), but most of the vessels were free of any lesions, even in the regions of arterial branching. Immunohistochemistry proved only occasional lymphocytes and neutrophils (but no macrophages) in the vicinity of the vasa vasorum. No difference between the proximal (upstream) and distal (downstream) non-transplanted segments was found.
Morphology of aortic grafts
In all groups, transplantation led to neointima formation ( Figure 3C ) as well as disruption and regression of the elastic lamellae ( Figure 3D ) in the tunica media of the grafted aorta. The neointima was rich in smooth muscle cells. In Group 1, where ApoE-/-were donors as well as recipients, initial type I lesions were found, but without any qualitative difference when compared to the nontransplanted segments.
In all the transplanted aorta segments, i.e. in samples from Groups 1, 2, and 3, the endothelium was continuous. No signs of neoangiogenesis within the intima were observed. In some cases, the part of the adventitia facing the stitch was slightly thickened with 
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increased cellularity in comparison with the other parts of the adventitia. In this region, neutrophilic granulocytes and T-lymphocytes were found. In two specimens, only T-lymphocytes invaded the tunica media of the aorta ( Figure 3E ). In some cases, an increased amount of connective tissue was present in the adventitia next to the stitches. T-and B-lymphocytes ( Figure 3E, 3F ), a few macrophages ( Figure 3G ) and neutrophils ( Figure 3H ) were found in this location, dispersed among collagen fibres and fibrocytes. The stitches were usually encircled by a capsule composed of concentrically arranged fusiform cells. This capsule contained a large number of neutrophilic granulocytes with normal nuclei and B-lymphocytes.
Quantification of lesions after transplantation
The estV of the lesion, AFFVL and elastin length density did not differ between the individual groups of this study (Figure 4) . However, in all the transplanted grafts of the aorta estV of the lesion was higher (p<0.001), the AFFVL and the elastin length density were lower (p<0.001 for both) than in neighbouring proximal and distal non-transplanted segments. The Pearson correlation coefficient between estV and AFFVL was -0.41, between estV and L A it was 0.36, and between AFFVL and L A it was 0.63. Seven samples were excluded from quantification because of mechanical damage to the vessel wall, which did not allow reliable morphometry. The variability among three independent observers in estimates of lesion volume and length density of elastin network is presented in Figure 5 as values of the intraclass correlation coefficient.
Spatial distribution of leukocytes
In transplanted grafts, all types of leukocytes, i.e. lymphocytes, monocytes/macrophages and neutrophilic granulocytes, were arranged in significant non-random clusters, which were colocalised with stitches within the intervals summarised in Table 2 .
Discussion
Clinical outcome
Although Chereshnev et al. [20] reported excellent results with a 100% recovering rate in 26-week-old animals, other findings [18, 19] with 70-80% success seem much more likely and correspond to the survival rate in our study (62.5%). When developing a mouse aortic transplantation model, Koulack et al. [28] reported an initial 75% mortality rate (caused mainly by thrombosis and shock), which was improved to a success rate of >80% after performing nearly 200 operations. As our experiment was carefully performed by a skilled technician with sufficient experience in microsurgery on small laboratory animals, the present results cast doubt on the reproducibility of the transplantation model of atherosclerosis regression in young mice. The surgery might have coincided with the normal growth of aorta so the alteration of the vessel wall by invasive procedure and damage to the nervi and vasa vasorum resulted in much more pronounced formation of concentric neointima rich in smooth muscle cells than known from adult animals. With the exception of age, no other factor exists which might explain the relatively high mortality and significant transplant arteriosclerosis in young animals used in this study.
Lesions in the transplanted aorta sections and transplant arteriosclerosis
Structural alterations observed in transplanted aorta sections in comparison with host aorta segments included development and/or increasing volume of the arteriosclerotic lesion, decrease of the free vessel lumen, neointima formation, elastinolysis and accumulation of immune cells in the vessel wall. The volume of the arteriosclerotic lesions as well as the decrease of the free vessel lumen in the transplanted aorta segment strikingly did not differ between the individual study groups (Figure 4A-D) . Although the median of estV of the lesions was higher in Group 1, i.e., in ApoE-/-recipients, than in the other groups with wild-type recipients, the difference was not significant. Table 2 . Spatial distribution of leukocytes within the transplanted aortic grafts.
Fatty streak formation did not occur or progress in any of the analysed samples. Since Lee et al. [38] reported about the protective role of nitric oxide synthase (NOS) induced by aortic transplantation, we speculate that NOS might have inhibited adhesion of leukocytes and further progression of initial fatty streaks in all transplanted specimens, thus compensating the hyperlipidemia in ApoE-/-mouse. The lesions found in transplanted specimens have probably to be considered as transplant arteriopathy rather than progression of initial atherosclerotic lesions. The etiology of transplant arteriosclerosis was suggested to be multifactorial and its precise mechanism to date remains obscure [39] . In the rat, the severity of age-related neointima formation in syngeneic aorta transplantation (in the absence of alloreactivity and immunosuppressive drugs) is primarily determined by the recipient's age rather than the donor's age, with young recipients generally being less affected [40] . This complies with the fact that the lowest AFFVL in juvenile ApoE-/-mice was 60%, i.e. the narrowing of the vessel lumen caused by transplant arteriosclerosis was far from being occlusive, perhaps due to the known arterioprotective property of bone marrow-derived progenitor cells in juvenile ApoE-/-mice [41] .
Neointima formation in our experiment was qualitatively the same as usually reported from allograft studies in mice [42, 43] . However, as neointima proliferation, endothelial regeneration [44] , and smooth muscle cells recruitment are dependent on alloimmune cellular responses [42] and involvement of hematopoietic stem cells [45] , we have no evidence showing that the We can only speculate that our findings suggest that the susceptibility to transplant arteriosclerosis might be higher in ApoE-/-mice than in female Fisher rats [40] , where neointimal lesions after syngeneic transplantation could not be detected. To elucidate these questions, a detailed study focused on transplant arteriosclerosis in syngeneic mice would be required, e.g. quantitative immunohistochemistry of adhesion molecules (VCAM, ICAM), electron microscopy to reveal the phenotypic alteration of vascular smooth muscle cells, assessment of kinetics of cytokine production and MHC-matching. Such results would be comparable to those [46] , who performed their studies on partially and fully allogeneic mouse. Elastin degradation is generally related to advanced atherosclerotic lesions rich in macrophage-borne proteases, but not to initial atherosclerotic lesions [47] . Since we found only slight arteriosclerotic lesions (type I) but significant elastinolysis, we conclude that atherosclerosis itself did not contribute to the decrease of elastin length density. Elastin destruction observed in transplanted specimen corresponded to the distribution pattern of macrophages which surrounded the stitches. At these sites, elastinolysis was also most evident. Degradation of elastin fibres, accumulation of immune cells and fibrous encapsulation of the stitches probably represent rather stages of healing processes than an answer to infection during surgery, since neither bacteria nor neutrophilic granulocytes with hypersegmented nuclei could be found.
Histological quantification in assessment of development and regression of atherosclerotic lesions
Based on our experience, stereology provided us with reproducible quantitative estimates, which were achieved with a reasonable effort. The sampling strategy used for the Cavalieri method was based on systematic uniform random sampling, the variability of which was low enough. Point counting method seemed to be more laborious but more robust to the staining variation than the segmentation methods used for the same purpose [19] . As the lower limits of the 95% confidence intervals of the intraclass correlation coefficient exceeded 0.7 in both estV of atherosclerotic lesions and length density of the elastic fibres, we consider the interobserver variability to be low enough. The wider confidence intervals in the length density of elastin fibres was caused by successive branching of the main elastin fibres into a fine network so that the very detailed demarcation of the delicate fibres remained rather subjective. The AFFVL parameter and estV of arteriosclerotic lesions must be considered as complementary. The AFFVL parameter is relatively robust with respect to the deviation of the section plane in regard to the transversal plane. In spite of the careful orientation of the paraffin-embedded tissue sample, the chance of a deviation occurring cannot be entirely excluded. As AFFVL is a dimensionless ratio, it does not become biased by absolute differences in the size or shape of the aorta among the animals; it was used as an obstruction measure of the lumen by the lesion. Taking into account the size of the reference volume, it becomes apparent that, in most cases, we assessed the size of one lesion rather than several lesions. According to our experience, stereological assessment has proven to be accurate, correct and reproducible. If the bias of the results caused by the irregular shape of the lesion were avoided, the total number of test points hitting the area of interest should be above 80. This number was estimated according to the nomogram of Gundersen and Jensen [34] , which took into account the irregular shape of the lesion and a CE<0.05 for the estimate. In our method, this conventional limit was certainly exceeded, ranging from 200 to 300 intersections (depending on both lumen and lesion shape and size). We conclude that no regression of initial atherosclerotic lesion was achieved by syngeneic heterotopic transplantation of thoracic aorta segments of young ApoE-/-mice to wild-type recipients of the same age. On the contrary, neointima formation, arteriosclerosis and degradation of elastin prevailed in all transplanted specimens, even in control groups. It is suggested that the tiny, sensitive walls of young aorta suffered from severe disturbance of the vasa and nervi vasorum caused by the invasive intervention in the transplanted animals, so that it became vulnerable to inflammation and transplant arteriopathy. The reproducibility of the promising regression model in 12-week-old mice was derogated by the striking dependence of the results upon the operation technique. Thoracic to abdominal aorta transplantation did not offer a method which would enable us to study atherosclerosis regression in 12-week-old Apo E-/-mice. Stereological assessment not only proved to be accurate, correct and reproducible but also provided us with with robust quantitative estimates achieved with a reasonable effort.
